PIB model for an open-shell odd-carbon system
In quantum mechanics, the behavior of a particle in a one-dimensional box is described by three parameters, the principal quantum number (n), the mass of the particle (m), and the box length (L). The quantized energy levels of the particle are expressed as:
where h is the Planck constant.
Hückle molecular orbital theory shows that the π-electrons in conjugated carbon compounds represent a benchmark system for applying the PIB model, by treating the π-electron with mass m as a particle in a box of the conjugated chain with length L, with n the quantum number of the π-orbitals. 20 In a closed-shell even-carbon chain system, 41 particularly for the methine chain (polyene chain, -(CH) n -), such as conjugated cyanine dyes, each carbon atom provides one 2p atomic orbital and one π-electron to construct the π-conjugation. The total number of π-electrons is the same as the number of C-atoms in the conjugated system, i.e.
N C (an even integer). According to the Pauli exclusion principle, N C /2 π-orbitals will be occupied, i.e.,
the optical absorption energy for a π * ← π electronic excitation in closed-shell methine chain (polyene chain, -(CH) n -) systems, such as conjugated cyanine dyes, is described as:
In an open-shell odd-carbon chain system, the initial and final orbitals upon π ← π electronic excitation are the HOMO and singly-occupied molecular orbital (SOMO), repectively. Similarly, the total number of π-electrons is the same as the number of C-atoms, N C (an odd integer). Then, we have
The optical absorption energy for an open-shell odd-carbon chain system takes the form:
（S3）
Using Eq. (S3) and the experimentally observed value of λ abs , the effective box length (L eff ) of a odd-carbon chain system can be calculated by
The π-conjugation in the bent carbon-chain system is evaluated in terms of this effective box length L eff .
Deuterium labeling of a polyhydride by non-equivalent H/D ratio
In a mixed C/H/D plasma, the number of observable D-isotopologues for a specific carrier C n H m as well as the statistical production probability of species C n H m-x D x (x ≤ m) are determined by molecular symmetry and unique (i.e., non-interchangeable) hydrogen positions in the geometric carrier structure. Under the assumption that in a plasma jet as used in this experiment, the molecule formation efficiency is barely isotope dependent, the production probability therefore directly provides structural information.
The case of a tri-hydride (C n H 3 ) has been discussed in detail in Ref. [28] . In this study focusing on C 2v -C 9 H 3 and C 2v -C 11 H 3 , 28 an approximately equivalent H/D ratio was employed in the deuterium-labeling experiment. In this specific case, the statistical production probability ratio of D-isotopologues is approximately the same as their production abundance ratio, i.e., the experimentally determined absorbance ratio. In the case of a non-equivalent H/D ratio, as employed in the deuterium-labeling experiment described here, the observed Disotopologues abundance ratio has to be rescaled as it also depends on the H/D ratio (1 : x) and the multiplicity of deuteration. For example, the fully hydrogenated and deuterated
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species of a polyhydride, should have an abundance ratio of about (1 m : x m ), where m is the total number of H-atoms in the molecule.
In the present experiment, the absorption intensity ratio of band h 0 and d 0 in Fig 
The lowest-frequency bending vibration in linear or bent carbon chains
The lowest-frequency vibrational mode (C···C···C bending) in a linear or bent carbon chain can be approximated as the bending vibration of a three-center system. In Ref. [46] , the normal vibrational modes for both linear and bent tri-atomic molecules have been discussed in detail. The vibrational frequency of the bending vibration, ν, (with Π symmetry) in a linear symmetric YXY molecule is given by
where a In Ref. [47] , the lowest-frequency bending vibration of 16 linear carbon chains, including polyynes, cyanopolyynes, and dicyanopolyynes, has been studied by DFT calculations. The lowest-frequency bending mode is characterized here in a different way through:
where a, b, c, and d are regression coefficients, ν ∞ the limit value of ν for an infinite chain, and n the number of C-atoms. This proposed formula predicts a similar dependence of the C···C···C bending mode, i.e., that ν will decrease upon increasing the number of C-atoms in the chain.
For the bent carbon chains, the lowest-frequency bending vibration (symmetric normal vibration) can be treated as the bending vibration of a non-linear tri-atomic molecule with C s (XYZ) or C 2v (XYX) symmetry. Using the solution for normal vibrational modes of a nonlinear tri-atomic molecule as derived in Refs. [46, 48] , it can be found that the lowestfrequency C···C···C bending vibration in a bent carbon chain depends on both the overall bent S6 chain length and the bend angle. An analytical approach to quantitatively interpret this case is very complicated. Qualitatively, however, it is concluded that, the larger the overall chain length or the bend angle becomes, the lower the C···C···C bending vibrational energy will be.
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Comparisons of the H/D isotopic shifts
